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Objective: Fourier transform infrared (FT-IR) spectroscopic imaging is a promising method that enables
the analysis of spatial distribution of biochemical components within histological sections. However,
analysis of FT-IR spectroscopic data is complicated since absorption peaks often overlap with each other.
Second derivative spectroscopy is a technique which enhances the separation of overlapping peaks. The
objective of this study was to evaluate the speciﬁcity of the second derivative peaks for the main tissue
components of articular cartilage (AC), i.e., collagen and proteoglycans (PGs).
Materials and methods: Histological bovine AC sections were measured before and after enzymatic
removal of PGs. Both formalin-ﬁxed sections (n ¼ 10) and cryosections (n ¼ 6) were investigated. Relative
changes in the second derivative peak heights caused by the removal of PGs were calculated for both
sample groups.
Results: The results showed that numerous peaks, e.g., peaks located at 1202 cm1 and 1336 cm1, altered
less than 5% in the experiment. These peaks were assumed to be speciﬁc for collagen. In contrast, two
peaks located at 1064 cm1 and 1376 cm1 were seen to alter notably, approximately 50% or more. These
peaks were regarded to be speciﬁc for PGs. The changes were greater in cryosections than formalin-ﬁxed
sections.
Conclusions: The results of this study suggest that the second derivative spectroscopy offers a practical
and more speciﬁc method than routinely used absorption spectrum analysis methods to obtain
compositional information on AC with FT-IR spectroscopic imaging.
 2012 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Biochemical composition of articular cartilage (AC) has been
studied with numerous biochemical analysis methods1e4. These
methods commonly require extensive sample processing prior to
analysis, i.e., extraction of the compounds either using chemicals or
enzymes [proteoglycans (PGs)] or tissue hydrolyzation (collagen).
Biochemical methods offer only the average information of theo: L. Rieppo, Department of
1627, 70211 Kuopio, Finland.
o), simo.saarakkala@oulu.ﬁ
hi), heikki.helminen@uef.ﬁ
rno.rieppo@uef.ﬁ (J. Rieppo).
s Research Society International. Pstudied sample due to tissue homogenization. The biomechanical
properties of AC are determined by the inhomogeneous, organized
ﬁbrillar collagen network, PG matrix (aggrecan, a large aggregating
PG and non-aggregating small PGs: decoring, biglycan, lumican and
ﬁbromodulin) and their interactions5,6. Therefore, investigation of
composition-function relationships requires techniques that can
visualize the spatial distribution of tissue biochemical components.
Fourier transform infrared (FT-IR) spectroscopic imaging is
a promising method for studying biological tissues as it can provide
the spatial distribution of the tissue constituents, i.e., to produce
chemical images of tissue sections. FT-IR spectroscopic imaging
requires minimal sample preparation and the measurements are
fast to perform as compared to the traditional biochemical
methods. In theory, FT-IR spectroscopic imaging enables produc-
tion of spatial compositional information that exhibits speciﬁcity
for tissue compounds at the level of existing biochemical referenceublished by Elsevier Ltd. All rights reserved.
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straightforward since signiﬁcant overlap exists in infrared absorp-
tion between different molecules of the tissue. Molecular speci-
ﬁcity of FT-IR spectroscopy is entirely dependent on the applied
spectral data analysis methods.
Several studies have been conducted to characterize the
composition and structure of AC with FT-IR spectroscopic imag-
ing7e21. The area of the amide I absorbance (1720e1585 cm1) has
been used to quantify the collagen content of AC9, whereas the area
of the carbohydrate region absorbance (1140e985 cm1)9,22, or the
ratio of the carbohydrate region to the amide I, has been used to
quantify the PGs12. Currently, AC-related FT-IR spectroscopic
studies are mainly carried out using these univariate methods
introduced a decade ago. It is known that the amide I peak, arising
from CeO stretching vibration23, is present not only in collagen but
also in other proteins. Furthermore, also other molecules of AC,
such as chondroitin sulphate, show signiﬁcant absorption in the
same region (Fig. 1). Consequently, it has been recently shown that
the speciﬁcity of the carbohydrate region alone or the ratio of the
carbohydrate region to the amide I peak is limited, especially at the
superﬁcial cartilage15,17. Furthermore, it was demonstrated that
more speciﬁc information could be obtained by utilizing the curve
ﬁtting technique, as sub-peak information was found to correlate
well with PG content15. Recently, also multivariate analysis, i.e.,
principal component regression (PCR) was used for the composi-
tional analysis of AC24. However, multivariate techniques are not as
easily applicable as univariate-based analysis approaches, because
a set of calibration samples with reference data is required to build2000 1800 1600 1400 1200 1000
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Fig. 1. Infrared absorption spectra from AC (solid line) and type II collagen (dashed
line) (A). Pure compound spectrum of chondroitin sulphate (solid line) and a difference
spectrum (see Data analysis in Materials and Methods) computed by subtracting the
mean spectrum after the enzyme treatment from the mean spectrum before enzyme
treatment of formalin-ﬁxed samples (dashed line) (B).the multivariate models. Therefore, multivariate models are not
easily transferrable to the use of other researchers which hinders
their wider use.
Second derivative spectroscopy is a commonly used spectral
analysis technique that has been used for decades25e30. According
to BeereLambert law, absorbance can be expressed as follows:
A

~n
 ¼ a~nlc; (1)
where A is the wavenumber ð~nÞ-dependent absorbance, a is the
wavenumber-dependent absorption coefﬁcient, l is the optical path
length (mainly determined by the section thickness) and c is the
concentration. When the equation (1) is differentiated twice, the
result is
d2A

~n

d~n2
¼ d
2a

~n

d~n2
lc: (2)
From equation (2), it can be seen that quantitative information
can be obtained also from the second derivative spectra, since l and
c as constant terms are not affected by the differentiation. Second
derivative spectroscopy allows more speciﬁc identiﬁcation of small
and nearby lying absorption peaks which are not resolved in the
original spectrum, thereby offering means to increase the speci-
ﬁcity of absorption peaks for certain molecules of the tissue.
Another obvious advantage in the use of the second derivatives is
that constant and linear components of baseline errors are
removed in the differentiation27. This alone increases the feasibility
of the second derivative spectroscopy for quantitative work.
However, the application of the second derivative spectroscopy
causes signiﬁcant loss in signal-to-noise ratio. The signal is reduced
approximately by an order of magnitude while the noise is
magniﬁed by a factor of 6½, provided that no smoothing is applied.
Therefore, the quality demands of the FT-IR spectroscopic data are
increased over requirements of the conventional absorption spec-
trum analysis techniques28. Previously second derivative spectral
analysis was not practical in imaging studies due to poor signal-to-
noise ratio of the commercially available imaging devices. Recent
technological development has signiﬁcantly improved the spectral
quality and data with high signal-to-noise ratio can be collected
rapidly. This has opened the possibility to apply second derivative
spectral analysis also for imaging studies. Second derivative spectra
were recently tested in AC research31, but the speciﬁcity of the
derivative peaks to biochemical components of AC has not been
evaluated. Second derivative spectroscopy could offer simple and
readily available methods for quantitative analysis of AC if sufﬁcient
molecular speciﬁcity could be obtained.
Enzymatic manipulation of AC offers a simple method to study
the true speciﬁcity of single absorption peaks for collagen or PGs.
Testicular hyaluronidase is known to randomly cleave b-N-ace-
tylhexosamine-[1/ 4] glycosidic bonds in hyaluronan and chon-
droitin sulphate, leaving core protein of PGs intact32. Therefore, it
can be used to remove the PGs from AC sections33. As the extra-
cellular matrix (ECM) of AC is mainly composed of collagen and
PGs, the section contains essentially only collagen and residual core
protein after the treatment. Therefore, by measuring the same
section before and after the removal of PGs, one can compare the
spectra directly and classify absorption peaks to either collagen-
related, PG-related, or overlapping peaks. Ideally, collagen-related
peaks do not alter at all in the experiment, whereas PG-related
absorption peaks diminish substantially due to the removal of
PGs. As hyaluronidase removes glycosaminoglycans (GAG) of
PGs, signiﬁcant changes are expected to be seen especially in GAG-
related vibrations (Table I).
Table I
Assignment of second derivative IR peaks of AC
Wavenumber (cm1) Assignment of second derivative peaks
1700e1600 Amide I region (C]O stretch)
1600e1500 Amide II region (CeN stretch þ NeH bend)
1448 CH3 asymmetric bending vibrations23,27
1400 COO stretch of amino side chains23
1376 CH3 symmetric bending vibration of GAGs41
1336 CH2 side chain vibrations of collagen23
1280 Collagen amide III vibration with signiﬁcant
mixing with CH2 wagging vibration from the
glycine backbone and proline sidechain23
1228 SO3 asymmetric stretching vibration of
sulphated GAGs36
1200 Collagen amide III vibration with signiﬁcant
mixing with CH2 wagging vibration from the
glycine backbone and proline sidechain23
1160 CeO stretching vibrations of the carbohydrate
residues42
1120 CeOeS asymmetric stretching36
1080 CeO stretching vibrations of the carbohydrate
residues in collagen and PGs23,27
1064 CeO stretching vibrations of the carbohydrate
residues in PGs23,27/SO3 symmetric stretching
vibration of sulphated GAGs36
1032 CeO stretching vibrations of the carbohydrate
residues in collagen and PGs23,27
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of quantitative FT-IR spectroscopic determination of collagen and
PGs in AC. Second derivative spectroscopy was applied and evalu-
ated whether it could offer a simple solution for increasing the
molecular speciﬁcity of FT-IR spectroscopic analysis. The principle
goal was to ﬁnd second derivative peaks speciﬁc for collagen and
PGs. As a second aim, the differences in the results given by cry-
osections and formalin-ﬁxed sections were studied.Materials and methods
Sample preparation
Knee joints of 1e3-year-old steers (n ¼ 10) were obtained from
a local abattoir (Atria Oyj, Kuopio, Finland). Osteochondral plugs
(d¼ 13mm) were prepared from the lateral upper quadrants of the
patellae. Samples were ﬁxed with 10% formalin, decalciﬁed with
EDTA, dehydrated and embedded in parafﬁn as described earlier34.
5-mm-thick sections were cut with a microtome and transferred to
standard objective slides. Parafﬁn was dissolved with xylene prior
to transferring the sections onto 2-mm-thick ZnSe windows for the
FT-IR spectroscopic imaging.
Additional sample set was prepared from intact steer patellae
(n ¼ 6). The samples were cryosectioned in order to evaluate
whether formalin-ﬁxation affects the enzymatic removal of PGs.
Samples were kept moist with physiological saline during the
sample preparation. Cartilage samples were detached from the
underlying subchondral bone with a razorblade. Subsequently, the
samples were embedded into Tissue Tek Optimal Cutting Temper-
ature (OCT) embedding medium (Sakura Finetek, Torrence, CA,
USA). 5-mm-thick cryosections were cut (Reichert-Jung Frigocut
2800, Nussloch, Germany) and OCT was dissolved with water from
the sections before transferring them onto 2-mm-thick ZnSe
windows for the FT-IR spectroscopic imaging. Cryosections were
allowed to dry on ZnSe windows in a desiccator prior to the
measurements.
Collagen was extracted from the femoral condyles of bovine AC
as described previously15,35. Extracted collagen and commercial
shark cartilage chondroitin sulphate (Sigma, C4384) were used asmodel compounds of AC. Pure compounds were homogenized
together with KBr powder (1:100 mixtures) and compressed into
pellets using a manual press.
FT-IR spectroscopic imaging
Measurements were conducted with the Perkin Elmer Spotlight
300 FT-IR imaging system (Perkin Elmer, Shelton, CO, USA) in
transmission mode using spectral resolution and pixel resolution of
4 cm1 and 25 mm, respectively. Eight repetitive scans per pixel
were averaged. The imaging system and the sample box were
purged with CO2-free dried air during the measurements to stan-
dardize the measurement conditions (Parker Balston, Haverhill,
MA, USA). Purging of the system is essential to minimize the
interference of water vapour, which is a particular problem in
second derivative spectroscopy.
A 400-mm-wide area was imaged from cartilage surface to
cartilage-bone junction from each section. Then, the sections
already measured were transferred on standard objective glasses
for the enzymatic removal of PGs. The sections were treated with
hyaluronidase (type IV, H-3884, Sigma) enzyme for 18 h to remove
PGs33. Thereafter, the sections were rinsed with distilled water and
transferred to ZnSe windows. The measurements were repeated
using identical measurement parameters.
Pure compound pellets were measured with the same FT-IR
imaging system using point mode. Spectral resolution of 4 cm1
was used and 128 scans were averaged using aperture of 100 mm.
Data analysis
All data analyses were performed using Matlab (Ver. R2007b,
MathWorks Inc., Sherborn, MA, USA). Spectra were corrected for
the offset before calculating the integrated area of the amide I peak
(1720e1585 cm1). Relative changes caused by the enzymatic
treatment in the amide I absorbance, the carbohydrate region
(984e1140 cm1), the ratio of the carbohydrate region to the amide
I as well as the change in the total absorbance covering the region
1800e900 cm1, were calculated for every sample as a bulk value
(an average of the full cartilage thickness) for both sample groups.
A difference spectrum was calculated by subtracting the mean
spectrum of the sections after the enzyme treatment from the
mean spectrum of the same sections before the enzyme treatment.
The difference spectrum was further compared with the pure
compound spectra of type II collagen and chondroitin sulphate.
A second derivative spectrumwas calculated for each measured
pixel by using the SavizkyeGolay algorithm (seven smoothing
points). Relative changes caused by the enzyme treatment in the
second derivative peak heights were calculated for both sample
groups as bulk values. The peaks that changed the most were
considered as PG-related peaks, whereas peaks that showed
minimal changes were assumed to be collagen-related. The average
peak heights of the most promising peaks were plotted as group
means of formalin-ﬁxed sections in depth-wise direction of AC.
Further, representative chemical maps were calculated based on
derivative peaks for one representative formalin-ﬁxed section.
Statistical analysis
Statistical signiﬁcance of the observed changes in derivative peaks
and in previously used absorption spectrum parameters was tested
using the non-parametric Wilcoxon signed-rank test. Statistical
signiﬁcance between the differences of formalin-ﬁxed sections and
cryosections were tested using the non-parametric ManneWhitney
U-test (SPSS 14.0 software, SPSS Inc., Chicago, IL, USA). In compari-
sons, number of independent observations was 10 for formalin-ﬁxed
L. Rieppo et al. / Osteoarthritis and Cartilage 20 (2012) 451e459454samples and 6 for cryosectioned samples. No replicates were used.
The limit of statistical signiﬁcance was set to P < 0.05.
Results
Typical IR spectra of AC (solid line) and type II collagen (dashed
line) are shown in Fig. 1(A), whereas IR spectrum of chondroitin
sulphate (solid line) and the difference spectrum (dashed line) are
shown in Fig. 1(B). The difference spectrum resembles strongly the
spectrum of chondroitin sulphate indicating that the enzymatic
treatment had resulted in degradation of GAGs.
Mean change (with 95% conﬁdence intervals) in the total
absorbance caused by enzymatic degradation of PGs was 13.0% (9.8,
16.3) and 16.9% (10.9, 22.9) for formalin-ﬁxed sections and cry-
osections, respectively. The changes in the amide I absorbance,
which has been used for collagen analysis, were 8.2% (5.7, 10.7) and
11.2% (5.8, 16.6) for formalin-ﬁxed sections and cryosections,
respectively. All these changes were statistically signiﬁcant (Wil-
coxon signed-rank test, P < 0.01 for formalin-ﬁxed sections and
P < 0.05 for cryosections).
With regard to previously used PG parameters, changes in the
carbohydrate region were 35.9% (29.9, 41.8) and 31.0% (24.1, 37.9)
for formalin-ﬁxed sections and cryosections, respectively. When
the carbohydrate region was normalized with the amide I, the
changes were 30.2% (24.6, 35.8) and 22.0% (11.4, 32.6) for formalin-
ﬁxed sections and cryosections, respectively. The changes were
statistically signiﬁcant (Wilcoxon signed-rank test, P < 0.01 for
formalin-ﬁxed sections and P < 0.05 for cryosections).
When the mean second derivative spectra of cryosections and
formalin-ﬁxed samples were compared, no signiﬁcant differences in
peak locations were found in the investigated spectral region, except
for the narrow peaks at 1462 cm1 and 1478 cm1 caused by parafﬁn
residues still left in some formalin-ﬁxed samples (data not shown).
Mean second derivative spectrum of formalin-ﬁxed sections
before the enzyme treatment is shown in Fig. 2A. The mean relative
changes ( standard deviation) in the amplitudes of the second11500160017001800
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Fig. 2. The mean second derivative spectra of AC of formalin-ﬁxed sections (A). The mean r
peaks in formalin-ﬁxed sections (black squares) (B). For comparison, the mean relative cha
squares.derivative absorption peaks are shown in Fig. 2(B). Best candidates
for collagen analysis are the peaks that showed minimal change in
the experiment. In formalin-ﬁxed sections, these peaks are found at
1638 cm1 [observed change: 3.3% (8.4, 1.8)], 1514 cm1 [1.6%
(13.7, 10.6)], 1448 cm1 [1.0% (8.4, 6.5)], 1336 cm1 [2.6% (0.8,
5.9)] and 1202 cm1 [4.7% (9.0, 0.3)]. The changes in these
peaks were not statistically signiﬁcant, except for the peak
1202 cm1 (Wilcoxon signed-rank test, P < 0.01). The changes in
cryosections were of similar magnitude [1638 cm1: 7.0% (1.4,
15.5), 1514 cm1: 5.1% (11.8, 21.9), 1448 cm1: 3.0% (14.6, 8.6),
1336 cm1: 3.3% (4.3, 10.9), 1202 cm1: 4.6% (3.4, 12.6)]. In
cryosections, none of these changes were statistically signiﬁcant.
Further, the difference in the change of peak 1202 cm1 between
the formalin-ﬁxed sections and cryosections was statistically
signiﬁcant (ManneWhitney U-test, P < 0.05).
In search of the best candidates for PG analysis, two peaks were
observed to change signiﬁcantly more than other peaks in the
experiment. In formalin-ﬁxed sections, PG-related peaks were
located at 1376 cm1 [noticed change: 61.0% (55.9, 65.9)] and
1064 cm1 [49.9% (41.6, 58.2)]. These changes were statistically
signiﬁcant (Wilcoxon signed-rank test, P < 0.05). In cryosections,
PG-related peaks were located at the same wavenumbers and the
observed changes were even larger: 83.7% (78.6, 88.7) (P< 0.01) for
1376 cm1 and 58.0% (46.9, 68.9) (P < 0.01) for 1064 cm1. The
difference in the change of peak 1376 cm1 between the formalin-
ﬁxed sections and cryosections was statistically signiﬁcant
(ManneWhitney U-test, P < 0.01), suggesting that the removal of
PGs was more complete in cryosections. Other GAG-related peaks
showed smaller, but statistically signiﬁcant changes: CeO stretch-
ing vibration at 1160 cm1 changed 22.4% (18.5, 26.4) (P < 0.01) in
formalin-ﬁxed sections and 22.0% (10.0, 34.1) (P < 0.05) in cry-
osections, and asymmetric SO3 vibration at 1228 cm1 14.7% (12.3,
17.2) (P < 0.01) in formalin-ﬁxed sections and 11.2% (6.2, 16.2)
(P < 0.05) in cryosections. The changes in CeOeS vibration at
1124 cm1 were not calculated due to its weak intensity. However,
it was observed to shift to 1116 cm1 when GAGs were degraded.1000110012001300400
1000110012001300400
elative change ( standard deviation) in the amplitude of second derivative absorption
nges in cryosections for the two peaks that changed the most are marked with white
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in the second derivative peaks are illustrated in Fig. 3. The assign-
ments of the second derivative peaks with corresponding molec-
ular origins are shown in Table I.
Statistical signiﬁcance in differences of the observed changes
caused by enzymatic removal of PGs between second derivative
parameters and absorption spectrum parameters was tested by
using the non-parametric Wilcoxon signed-rank test. All presented
collagen-related second derivative peaks had a statistically signif-
icant difference from the amide I absorbance in formalin-ﬁxed
sections. However, in cryosections, only peaks 1336 cm1 and
1448 cm1 were statistically signiﬁcantly different from the amide
I absorbance. Both PG-related second derivative peaks differed
from the carbohydrate region (with or without the amide I
normalization) in formalin-ﬁxed (P < 0.01) and cryosections
(P < 0.05). Second derivative spectroscopy was shown to have
better molecular speciﬁcity for collagen and PGs than the previous
parameters (Fig. 3 and Table II). Statistical comparison between the
absorption spectrum parameters and the second derivative spec-
trum parameters is summarized in Table II.
Depth-wise distributions of the peak heights of the most
speciﬁc second derivative peaks were examined using formalin-
ﬁxed sections. Depth-wise distributions of the PG-related peaks
(1064 cm1 and 1376 cm1) before and after the enzyme treatment
are shown in Fig. 4(A and B). Visually, distributions are similar to
about 60% of cartilage depth. However, a strong increase in the
height of the peak at 1376 cm1 is seen in the deep cartilage, while
the absorbance of the peak at 1064 cm1 slightly decreases.
Depth-wise distributions of two collagen-related sub-peaks
(1202 cm1 and 1336 cm1) before and after the enzyme treatment
are shown inFig. 4(CandD).All collagen-relatedpeaks showedsimilar
depth-wise distribution patterns. Further, the shape of the distribu-
tion proﬁles remained constant even when PGs were removed sug-
gesting that PGs have minimal contribution to these parameters.
Images of one safranin O-stained section before and after the
enzyme treatment are shown in Fig. 5(A and B). Corresponding
chemical maps of the most speciﬁc PG peaks (1064 cm1 and0 %
20 %
40 %
60 %
80 %
100 %
Total Amide I 1448 1336 1
Paraffin sections (n=10)
Cryosections (n=6)
Collagen
Fig. 3. The changes in the total absorbance, amide I absorbance, carbohydrate region, the rat
second derivative peaks. White stars indicate a statistically signiﬁcant difference in the am
indicate a statistically signiﬁcant difference between formalin-ﬁxed sections and cryosectio
P < 0.01.1376 cm1) for the same sample are shown in Fig. 5(C and D).
Furthermore, chemical maps of two collagen-speciﬁc peaks
(1202 cm1 and 1336 cm1) for the same sample are shown in
Fig. 5(E and F).
Discussion
In this study, changes in IR absorption spectra and second
derivative spectra of AC caused by enzymatic removal of PGs were
examined. Traditionally, the amide I absorbance has been used for
quantiﬁcation of collagen content in AC. However, it was evident
that also PGs signiﬁcantly contribute to the amide I absorbance,
indicating that the amide I region is not speciﬁc for collagen. The
carbohydrate region (1140e985 cm1) with or without the amide I
normalization has been used for quantiﬁcation of the PG content.
Both these parameters were observed to change signiﬁcantly in the
experiment. Based on the difference spectrum analysis [Fig. 1(B)],
the most signiﬁcant contribution of PGs to IR absorption spectrum
of AC is, indeed, found in the carbohydrate region. However, the
second derivative analysis reveals that the carbohydrate region
consists of at least four separate peaks, while only one of these
peaks (1064 cm1) is strongly related to PGs. Both PG-related
second derivative peaks (1376 cm1 and 1064 cm1) were found
to be more speciﬁc for PGs than the previously used parameters
(Fig. 3 and Table II). Similar observations were made in the collagen
analysis, as several second derivative peaks showed no change in
the experiment, indicating that PGs, or at least GAGs, do not
contribute to those.
Hyaluronidase degrades GAGs of PGs into smaller subunits,
which are then passively diffused out of the tissue. Therefore, we
expected to see signiﬁcant changes especially in GAG-related peaks.
Analysis of difference spectrum [Fig. 1(B)] showed that the content
removed is mainly chondroitin sulphate. The small differences
between the difference spectrum and the chondroitin sulphate
spectrum might be explained by the removed hyaluronan and core
protein contents. Several peaks have been assigned to GAGs in the
earlier literature (Table I), but only two of them (1064 cm1 and202 Carb. Carb. /
Amide I
1376 1060
Proteoglycans
io of carbohydrate region to amide I as well as the changes in collagen- and PG-speciﬁc
plitude caused by removal of PGs (Wilcoxon signed-rank test, P < 0.05). Black stars
ns (ManneWhitney U-test, P < 0.05). Two stars indicate statistical signiﬁcance level of
Table II
Statistically signiﬁcant differences between absorption spectrum- based and second derivative spectrum- based PG and collagen parameters*
Second derivative
peak (cm1)
Carbohydrate (PGs) Carbohydrate/amide I (PGs) Amide I (Collagen)
Formalin-ﬁxed Cryosections Formalin-ﬁxed Cryosections Formalin-ﬁxed Cryosections
PGs
1064 **(P ¼ 0.005) *(P ¼ 0.028) **(P ¼ 0.005) *(P ¼ 0.028)
1376 **(P ¼ 0.005) *(P ¼ 0.028) **(P ¼ 0.005) *(P ¼ 0.028)
Collagen
1202 **(P ¼ 0.005) n.s. (P ¼ 0.062)
1336 *(P ¼ 0.017) *(P ¼ 0.028)
1448 **(P ¼ 0.005) *(P ¼ 0.028)
1514 *(P ¼ 0.037) n.s. (P ¼ 0.438)
1638 **(P ¼ 0.005) n.s. (P ¼ 0.563)
* Statistical signiﬁcance in differences of the observed changes caused by enzymatic degradation of PGs between second derivative parameters and absorption spectrum
parameters was tested with non-parametric Wilcoxon signed-rank test. Signiﬁcance level of P < 0.05 is marked with one asterisk (*) and P < 0.01 is marked with two
asterisks (**).
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related peaks (asymmetric SO3 stretching vibration at 1228 cm1
and CeO vibrations at 1032 cm1, 1080 cm1 and 1160 cm1) were
observed to change less than 25%, indicating that they signiﬁcantly
overlap with the collagen-related vibrations. This overlap hinders
the direct use of these peaks in quantitative analysis of AC
composition.
Depth-wise distribution pattern analysis revealed that the two
most extensively changed PG-related peaks contain at least
partially different information on AC composition. Proﬁles are
nearly identical for the ﬁrst 60% of cartilage thickness, but behave
differently in the deep cartilage [Fig. 4(A)], as the height of the peak
at 1376 cm1 increases strongly while the height of the peak at
1064 cm1 slightly decreases. A possible explanation for this0 20 40 60 80 100
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Fig. 4. Depth-wise distributions of the heights of two PG-related and two collagen-related
squares and solid lines, whereas the distributions after the removal of PGs are marked with
Standard deviations are shown for ﬁve points for each distribution. (A) The height of the PG
derivative peak at 1064 cm1. (C) The height of the collagen-related second derivative peak adifference is that the peak located at 1064 cm1 is actually not
related to CeO stretching, but to SO3 stretching vibration as sug-
gested in another study36. In a recent study, the distribution of the
peak at 1064 cm1 correlated well with the optical density of
safranin O15, a stain that attaches to the negatively charged GAGs.
Therefore, the SO3 vibration produces a similar distribution pattern
as safranin O. However, the peak located at 1376 cm1 (CH3
stretching vibrations of GAGs), is not directly related to the negative
charge of GAGs. It has been suggested that deep cartilage tissue
contains signiﬁcant amounts of non-sulphated glycoproteins37.
Non-sulphated glycoproteins contain similar sugar structures as
PGs. A vibration related to sugar rings or its side chains (SO3
excluded) would not differentiate PGs and other glycoproteins. This
could explain the differences in two PG-related peaks. On the other0 20 40 60 80 100
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second derivative peaks. The distributions before the removal of PGs are marked with
triangles and dashed lines. Proﬁles are group means of formalin-ﬁxed samples (n ¼ 10).
-related second derivative peak at 1376 cm1. (B) The height of the PG-related second
t 1202 cm1. (D) The height of the collagen-related second derivative peak at 1336 cm1.
Fig. 5. Safranin O-stained section before the enzyme treatment (A), safranin O-stained section after the enzyme treatment (B). Chemical FT-IR spectroscopic imaging maps of
untreated AC (CeF): the height of the second derivative peak at 1064 cm1 (sulphated PGs) (C), the height of the second derivative peak at 1376 cm1 (all PGs) (D), the height of the
second derivative peak at 1202 cm1 (collagen) (E), the height of the second derivative peak at 1336 cm1 (collagen) (F).
L. Rieppo et al. / Osteoarthritis and Cartilage 20 (2012) 451e459 457hand, the same effect could be seen if the sulphatation degree of
GAGmolecules would exhibit depth-dependent variation. Then the
two PG-related peaks would behave as observedwithout additional
contribution of non-sulphated glycoproteins. Thus, it can be spec-
ulated that the peak at 1376 cm1 is related to all GAGs and
glycoproteins (sulphated PGs, hyaluronan and other glycoproteins)
while the peak at 1064 cm1 is related directly to sulphated GAGs
(SO3 vibration).
Several peaks showed only minor or no changes (Fig. 3 and
Table II). Three of these were seen to be most optimal for collagen
analysis, as enzymatic removal of PGs did not result in statistically
signiﬁcant changes in these peaks (except for 1202 cm1 in
formalin-ﬁxed sections). These peaks are assigned to amide III
vibration of collagen23 (1202 cm1), CH2 side chain vibrations of
collagen23 (1336 cm1) and asymmetric bending of CH3
(1448 cm1). Distribution patterns of all collagen-related peaks
were similar before and after the enzyme treatment [Fig. 4(B)],
which also indicates that the PG contribution is not signiﬁcant in
these peaks. Since the hyaluronidase does not degrade the core
protein of aggrecan and the removal is based on free mobility and
passive diffusion, it is not clear whether the core protein still
remained in the tissue after the enzyme digestion. All proteins have
very similar IR absorption spectra to each other. Therefore, it is
possible that these peaks are not solely related to collagen, but also
to other proteins found in AC. This could be investigated by a similar
study using papain, as papain degrades also the core protein. In this
study, hyaluronidase was chosen to ensure that collagen content
remains intact, making sure that the observed changes are linked
only to PGs and not collagen.
The relative changes obtained with enzymatic treatment were
systematically more apparent with cryosections, although statis-
tical signiﬁcance was not reached due to low number of samples.
Formalin-ﬁxation changes the outcome of enzyme treatments in
two ways. Formalin inactivates the latent pro-enzymes of ECM.
Hyaluronidase treatment might activate these enzymes when
cryosections are used. Therefore, enzymatic degradation might be
enhanced in cryosections. Alternatively, the cross links created by
formalin-ﬁxation might either protect ECM from enzymatic
degradation or decrease the passive diffusion of the degradation
products.
When the relative changes are evaluated, it should be kept in
mind that collagen constitutes 60e80% of the cartilage dry weight,
while PGs account only for 20e40% of the dry weight38e40.
Therefore, e.g., the change in the amide I absorbance caused by
removal of PGs is actually an indication of signiﬁcant contributionfrom PGs as the amount of PGs is clearly smaller than that of
collagen. When the changes of PG-related peaks are considered, it
should be noted that changes could be even greater with a longer
enzyme treatment. However, it is clear that in the present study
PGs are at least partially removed, as indicated by the difference in
safranin O-staining before and after enzymatic treatments
[Fig. 5(A and B)].
As a conclusion, the results suggest that the second derivative
spectroscopy offers an easy method to monitor the spatial compo-
sition of AC with FT-IR spectroscopic imaging. Further development
of FT-IR-based analysis of AC composition requires application of
multivariate analysis methods. It is also notable that any novel FT-IR
analysis method has to be validated against current biochemical
gold standards before it can fully replace traditional techniques.
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